Background
Introduction
Shoulder complaints are the second largest cause for musculoskeletal disability in the middle aged and older populations. Shoulder complaints restrict daily functioning due to pain and limited arm mobility [1] [2] [3] . The majority of these complaints are caused by degenerative rotator cuff (RC) pathologies, ultimately leading to RC tears [3] [4] [5] [6] . Degenerative RC pathology is the main cause of upper-limb related complaints in general practice [7, 8] , rheumatology [9] and orthopaedic clinics [10] . The prevalence of RC tears in the general population is high (20%) and increases with age (over 50% in the population above 65 years) [11] [12] [13] .
The shoulder joint requires active stabilization from the RC muscles due to its non-constrained nature and dislocating forces of the prime shoulder movers (e.g. deltoids) [14] [15] [16] [17] [18] . In contrast to other joints like the hip, bony structures in the shoulder joint do not provide the same level of passive stability. The lack of passive stability allows positioning of the arm in space with an unsurpassed range of motion. The trade-off for mobility in the shoulder joint requires active compensatory stabilization by the RC muscles: the supraspinatus (SSp), infraspinatus (ISp), subscapularis and teres minor. In general, the SSp and ISp are more affected in RC tearing compared to the other two muscles [19] . The most frequent torn RC muscle is the SSp (i.e. superior tear), but a tear can progress posteriorly towards the ISp (i.e. posterosuperior tear). In RC tears the dynamic stabilization of the shoulder is lost. In the long term RC dysfunction can result in superior translation of the humeral head towards the acromion [14, 16, [20] [21] [22] [23] [24] . In large RC tears a decrease in acromiohumeral (AH) distance was reported [23, 24] . In addition, fatty infiltration is also frequently found in RC muscle tear [21, 25] . Both the AH distance and fatty infiltration are associated with poor surgical outcome and increased postoperative re-tear rates [26, 27] . However, the intricate associations between superior translation of the humeral head (i.e. decrease in AH distance), RC muscle atrophy, fatty infiltration and RC tear size are not yet fully understood.
We aim to identify predictors of superior translation of the humeral head in the presence of superior and posterosuperior RC tears based on Magnetic Resonance imaging with arthrography (MRA). We hypothesized that features of the RC muscle (muscle atrophy and fatty infiltration) together with RC tear size will predict the degree of superior humeral head translation.
Methods

Patients
A retrospective study on all consecutive shoulder Magnetic Resonance imaging with arthrography (MRA) performed between January 2009 and December 2011 was undertaken. All patients were seen at the outpatient clinic of the department of Orthopaedics (Leiden University Medical Center, Leiden, the Netherlands) after complaints of shoulder pain and loss of range of motion and a clinical suspicion of a RC tear. The institutional ethic review board in Leiden (Committee Medical Ethics Leiden University Medical Center (CME)) approved the study. Since this is a retrospective study, the CME waived the need for written informed consent from the participants in this study.
Patient cases were selected through the hospital financial administration with the diagnosis of 'rotator cuff tear' (national Diagnosis Related Group code 1460) and 'rotator cuff tendinitis' (DRG code 1450). Exclusion criteria consisted of poor quality MRA scans (motion artifacts, poor view delineation), tearing of the subscapularis, deltoid and/or teres minor, history of fractures of the shoulder, tumors, severe shoulder joint deformity (glenohumeral osteoarthritis or rheumatoid arthritis grade III-IV), neurological denervation, stroke, muscular dystrophies, and myositis. A flow chart summarizing patient inclusion and exclusion is presented in Fig. 1 . 144 patients with an MRA of the shoulder were identified and evaluated for inclusion. In total: 91 superior and posterosuperior RC tear patients were identified. 22 subscapularis tears and 1 tumor were excluded. 52 patients without a full-thickness RC tear were used as a control group. Of these, 8 patients had a partial thickness RC tear of the SSp, 8 patients were diagnosed with acromioclavicular (AC) osteoarthritis and 36 patients had unremarkable MRA scans.
MRA Imaging procedure
Fifteen minutes before MRA, injection of contrast fluid into the glenohumeral joint was performed via a posterior approach under fluoroscopic guidance. Patients had local intra-articular anesthesia with 10mL of 1% lidocaine and subsequently a diluted Gd-DTPA mixture (i.e. 10cc NaCl, 5ml Marcaine 0.25% and 0.2ml Gadolinium 1:200) was injected. All MRA scans were performed on a 1.5 Tesla Avanto Siemens MRI unit (Siemens AG, Erlangen, Germany) or Philips Intera MRI unit (Philips Medical Systems, Best, the Netherlands) using a dedicated shoulder coil and turbo spin-echo sequences. Patients were scanned in a supine position with the arm in neutral rotation.
Analyses of the images were performed on a PACS Workstation with Sectra IDS5 (Sectra Medical Systems AB, Linköping, Sweden) as monitor readings. Image analysis was carried out by two independent observers who were blinded to the MRA report and diagnoses of the patients. As multiple planes and sequences were obtained following the institutional standard shoulder MRA protocol, the T1-weighted coronal and sagittal plane (TR/TE 500-600/11-15, The methodology of the image evaluation is presented in Fig. 2A and 1B. The osteometry measurements performed on the coronal plane, at the widest point of the humeral head, are visualized in Fig. 2A [28] . The radius (r) of the humeral head was measured at its widest point using a circle-fit in the coronal plane. Superior translation of the humeral head was measured as the AH distance [24, 29, 30] and was defined as the smallest distance between the most cranial articular cortex of the humeral head, and the caudal cortical surface of the acromion determined in the coronal plane in the slice with the largest humeral head diameter (Fig. 2A) . The radius of the humeral head and the AH distance are reported in mm.
Representative scans of the RC from a control are presented in Fig. 2C and 2D (coronal and sagittal view, respectively), for the superior tears in Fig. 2E and 2F (coronal and sagittal view, respectively) and for the posterosuperior tears Fig. 2G and 2H (coronal and sagittal view, respectively). In order to assess the anatomical features in a three-dimensional (3-D) perspective we measured the RC tear dimensions in the coronal and sagittal plane [31] . The tear geometry was measured on MRA as straight lines at the maximum anterior-to-posterior width in the coronal plane and maximum lateral-to-medial length in the sagittal plane (TL, Fig. 2A ) as described previously [32] . The RC tear width in the coronal plane and length in the sagittal plane are reported in mm. To further approximate the RC tear size we measured of the RC tear size relative to the geometrical centre of the humeral head in the coronal and sagittal plane. The angle of the RC tear (ff, reported in degrees (°)) relative to the geometrical center of the humeral head was measured with the same anterior-to-posterior points on the coronal plane and the lateral-to-medial points of the tear in the sagittal plane ( Fig. 2A) . Subsequently, as the articular surface of the humeral head approximates a sphere, the RC tear surface area in cm 2 could be calculated with the following formula:
To determine muscular mass as a measure for muscle atrophy, the cross-sectional surface areas (CSA) of the SSp and the ISp were measured on the scan with the anatomical glenoid neck and base of the coracoid present, as illustrated in Fig. 2B . The CSA of the SSp and the ISp are reported in cm 2 . The presence of fatty infiltration was evaluated subjectively by examining either the presence or absence of intramuscular fatty infiltration in the SSp and ISp muscles on the coronal and sagittal T1-weighted images, as described previously with good inter-observer reliability [33, 34] .
Statistical analyses
For the comparison of continuous variables between the patient groups one-way analysis of variance (ANOVA) with post-hoc testing were performed. For the comparison of categorical variables χ 2 tests were performed.
The paired t-test was used to assess inter-observer differences. The Interclass correlation coefficient (ICC, two-way random model with absolute agreement) was used to assess the interobserver reliability of the main continuous radiological variables. The Kappa (κ) was used to assess the inter-observer consistency of the nominal dichotomous parameters. For interpretation, the criteria formulated by Cicchetti and Sparrow were used [35] : 0.39, poor; 0.40 to 0.59, fair; 0.60 to 0.74, good; or !0.75, excellent.
We investigated whether muscle atrophy and fatty infiltration features of the RC had any effect on the AH distance. First, we considered all subjects and performed univariate analyses 
Results
Patient characteristics
Patient characteristics were stratified for diagnosis and are summarized in Table 1 . Compared to controls, patients with a RC tear had a decreased AH distance (p = 0.02), and reduced cross sectional surface area of the supraspinatus (SSp) and cross sectional surface area of the infraspinatus (ISp). For the control group, representative MRA images can be found in Fig. 2 panel C and D (coronal and sagittal view, respectively). For the superior tear group, representative MRA images can be found in Fig. 2 panel E and F (coronal and sagittal view, respectively). For the posterosuperior tear group, representative MRA images can be found in Fig. 2 surface area of the SSp and ISp muscles (p<0.001 and p = 0.002, respectively) (Fig. 3A) . Patients with a RC tear were significantly older compared to controls (p<0.001). Patients with a RC tear had more fatty infiltration in SSp and ISp muscles (p<0.001 for both), compared to controls. Lastly, within the control group, the radius of the humeral head was strongly correlated with the surface of the SSp and ISp (Pearson correlation 0.566 and 0.350; p<0.001 and p = 0.04, respectively), whereas within the RC tear group only weak correlation was found between the radius of the humeral head and the surface of the SSp and ISp (Pearson correlation 0.203 and 0.120; p = 0.09 and p = 0.33, respectively) ( Table 1) . Next, we assessed whether these shoulder features could discriminate between patients with superior and posterosuperior tears. The AH distance was significantly reduced in patients with a posterosuperior tear (p = 0.002), as well as the ISp surface area (p = 0.007) (Fig. 3B) . In addition, the length and angle of tear in the sagittal plane are larger (p = 0.01 and p = 0.046, respectively) and subsequently the RC tear size is also larger (p = 0.02) in patients with a posterosuperior tear. Furthermore, ISp fatty infiltration is more abundant in patients with posterosuperior tears (p<0.001).
Inter-observer reliability and consistency
The inter-observer reliability are provided in Table 2 . Every image was analyzed by two researchers independently. The AH distance measurements did not significantly differ between the two observers. Although small, there were statistical significant differences found for the ISp surface area and RC tear size. The ICC for the AH distance was 0.9 (p<0.001) and for the SSp and ISp surface areas 0.7 (p<0.001). This is considered good to excellent inter-observer reliability. For the dichotomous variables, the κ for the presence or absence (yes/no) of muscle fatty infiltration in either the SSp or ISp was 0.7 (p<0.001). This indicates good consistency between the two observers.
The AH distance in RC tears and controls
The relation between the AH distance and muscle atrophy as the surface area (per cm2) and fatty infiltration (yes/no) features of the RC in controls and RC tear patients is summarized in Table 3 . First the association of each RC feature as explanatory variable for the AH distance was assessed individually using univariate analyses. With the univariate model, the muscle surface area and fatty infiltration of both the SSp and the ISp muscle, age and diagnosis were associated with the AH distance ( Table 3 ). The surface area of the SSp and ISp had an effect size of 0.37mm (p = 0.002) and 0.56mm (p<0.001) on the AH distance, respectively. This indicates an increase in AH distance of 0.37mm per 1cm2 SSp surface area or 0.56mm increase per 1cm2 ISp surface area. In the absence (no) of the SSp or ISp fatty infiltration there was an increase in AH distance of 2.38mm (p<0.001) or 1.88mm (p<0.001), respectively. Overall, the RC tear group had a 1.68mm smaller AH distance compared to the control group.
Next, we applied a multivariate model adjusted for age and gender to assess the contributions of the SSp and ISp surface areas and fatty infiltration on the AH distance between controls and RC tear patients (Table 3 ). In this model the ISp surface area remained influential indicating a significant contribution to the AH distance (0.5mm, p<0.001). Additionally, the absence (no) of fatty infiltration in the SSp was associated with an increase in AH distance (1.2mm, p = 0.039). In contrast, the SSp surface area, ISp fatty infiltration and the diagnosis (i.e. presence of an RC tear) did not significantly contribute to the AH distance. The inter-observer differences for the main continuous radiological features are obtained through paired t-tests. The ICC is obtained for reliability testing.
doi:10.1371/journal.pone.0118158.t002 Univariate modelling evaluated the relation of each variable with the AH distance individually. Multivariate modeling evaluated the combined parameter estimates of the effect sizes of the variables on the AH distance in RC tears and controls.
The AH distance in superior and posterosuperior tears
The associations of muscle atrophy and fatty infiltration features of the RC and the AH distance for superior and posterosuperior tears are summarized in Table 4 . Using the univariate model, the contribution of ISp surface area, SSp and ISp fatty infiltration significantly to AH distance significantly differ between superior and posterosuperior tears (Table 4 ). In the univariate models, the ISp surface area had an effect size of 0.61mm per cm2 on the AH distance. The absence of fatty infiltration had a single effect of 2.29mm and 1.34mm for the SSp and ISp, respectively. The tear surface had a negative effect (-0.2mm, p<0.001), indicating a smaller AH in larger tears. Superior tears showed a larger AH distance compared to posterosuperior tears (2.68mm, p = 0.009). With the multivariate model, however, only the ISp surface area remained associated with the AH distance (increase of 0.53 mm AH per 1cm 2 ISp surface increase, Table 4 ). The model included the surface areas and fatty infiltration of the SSp and ISp and RC tear size with adjustments for age and gender. The superior tears had a larger AH distance compared to posterosuperior tears (1.62mm, p = 0.009, Table 4 ). We could not find that the tear surface contributed to the AH distance using the multivariate model, while a significant effect was found with the univariate model (Table 4) .
Discussion
Superior translation of the humeral head is a hallmark of advanced stage RC disease and leads to narrowing of the sub-acromial space with subsequent deterioration of shoulder function [14, 16, [20] [21] [22] [23] [24] . In the current study we found a decline in AH distance and increase in muscle atrophy and fatty infiltration in RC tears compared with controls. We found a similar decline in posterosuperior RC tears compared with superior RC tears. The ISp surface area most robustly differs between controls and RC tears and between posterosuperior and superior RC tears using a multivariate model. In the current study we investigated the contributions of the SSp and ISp muscle surface area and fatty infiltration and tear size to AH distance. We found that the larger posterosuperior RC tears resulted in a smaller AH distance with more pronounced muscle atrophy and fatty infiltration compared to superior RC tears in agreement with previous studies [23, 24] . However, in previous studies only individual RC features were assessed in relation to the AH distance, either RC tear size or fatty infiltration [21, [23] [24] [25] . An association between the AH distance and RC tear size on ultrasound was found, but only for larger RC tear sizes [23] . Although we found a twofold increase in RC tear size for the posterosuperior tears compared to the superior tears, the contribution was less prominent compared to muscle atrophy and fatty infiltration. We are the first to apply an integrated model for multiple predictors to assess the AH distance in RC tears. With this model we identified the ISp surface area as the most important contributor to the AH distance. Therefore, we suggest the ISp surface area as a diagnosis predictor in RC disease.
The literature concerning the indication and timing of both surgical and conservative treatment for RC tears remains sparse. Still, pain scores and functional outcome results remain variable. Pain mediated shoulder adductor co-activation of the teres major and latissimus dorsi can compensate for lost RC function [18, 36, 37] . Although the glenohumeral stability can partially be restored with RC repair or tendon transfer surgery, similar gain is observed when strengthening the remaining RC and surrounding shoulder muscles [38] [39] [40] [41] . This warrants further studies on the effect of pain medication such as corticosteroids treatments and physical therapy in order to exercise the remaining shoulder muscles and prevent them from degeneration. This ultimately will center the humeral head effectively onto the glenoid and retain shoulder functionality [14] [15] [16] [17] [18] .
In the current study muscle surface area was measured on MRA of the shoulder. MRA provides a more accurate assessment of the RC tears in comparison to conventional MRI and ultrasound due to the contrast distending the joint capsule, outlining the intra-articular structures and dissemination into abnormalities [32, 42, 43] . Furthermore, several clinical score have been described to qualitatively assess RC features clinically. However, these classifications for RC muscle atrophy, fatty infiltration and tendon retraction did not reach satisfactory interobserver reliability in previous studies [33, 44] . We demonstrated that semi-quantitative measurements obtained with MRA of RC features are reliable, and subsequently could be used for statistical modeling. The relation between and the measurements of RC features used in the current study and these common shoulder classification systems used in the clinic will need further study.
Muscle atrophy and fatty infiltration are well known contributors to muscle degeneration in muscles dystrophies, myopathies, muscle aging and denervation [34, 45] . Fatty infiltration is a non-specific response to local or systemic damage and considered as a common outcome in muscle degeneration, including muscular atrophy. However the causality of fatty infiltration in muscle degeneration pathogenesis is not fully resolved. Goutallier et al. reported that fatty infiltration in the RC muscles only occurs in presence of a RC tear [46] . However, Ashry et al. and others found progression of fatty infiltration in shoulder muscles with aging in patients without RC tears [34, 47] . We confirmed an association between RC tear and fatty infiltration, although fatty infiltration was not found in all RC tears. We observed fatty infiltration also in the control group without RC tears. This suggests that fatty infiltration may only be indirectly associated with RC tears. Furthermore, it supports the idea that muscle atrophy and fat infiltration are independently associated processes [48] .
This study has some limitations. The study is cross-sectional therefore the progression from superior to posterosuperior tears cannot be assessed. Furthermore, the control group does not consist of unaffected shoulders without symptoms, and are younger compared to the RC tear patients. Therefore the differences between RC tears and control groups could be under-estimated. Fatty infiltration was measured qualitatively, and accurate measurements of fatty infiltration should be quantitative. However excellent correlations were reported between previous quantitative measurements and a qualitative visual rating, as used in the current study [21] . Moreover, ideally longitudinal studies should unravel the rate and mechanism of progression from superior to posterosuperior tears and the progress of fatty infiltration of muscles towards the development of RC tears.
Despite the limitation of the current study, we demonstrated an association between the AH distance and RC muscle's fatty infiltration and muscle atrophy. The AH distance, which reflects glenohumeral stability as a sign of RC dysfunction, is mostly affected by the remaining infraspinatus size, whereas the RC tear size has a lesser effect. This indicates a pivotal role for the infraspinatus within the RC muscles in preventing excessive superior translation of the humeral head.
